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Abstract
CANDLES is the project to search for neutrino-less double beta decay (0νββ) of 48Ca. The observation of 0νββ will
prove existence of a massive Majorana neutrino. For the 0νββ measurement, we need a low background condition
because of a low decay rate of 0νββ. Nowwe installed the CANDLES III system at the Kamioka underground laboratory.
The CANDLES III system realizes the low background condition by a characteristic structure and data analyses for
background rejection. Here we report performances of the CANDLES III system.
c© 2011 Published by Elsevier Ltd.
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1. Double beta decay of 48Ca
The neutrino-less double beta decay (0νββ) is acquiring great interest after the conﬁrmation of neutrino
oscillation which demonstrated nonzero neutrino mass. Measurement of 0νββ provides a test for the Majo-
rana nature of neutrinos and gives an absolute scale of the eﬀective neutrino mass. Many experiments have
been carried out so far and many projects have been proposed.
Among double beta decay nuclei, 48Ca has an advantage of the highest Qββ-value (4.27 MeV). This
large Qββ-value gives a large phase-space factor to enhance the 0νββ rate and the least contribution from
natural background radiations in the energy region of the Qββ-value. Therefore good signal to background
ratio is ensured in the measurement of 0νββ. For 0νββmeasurement with sensitivity to the mass region indi-
cated by neutrino oscillation measurements, we have to prepare several tons of calcium. Then we proposed
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Fig. 1. a)Schematic drawing of CANDLES III. CaF2(pure) scintillators are immersed in liquid scintillator. Scintillation lights from both
CaF2(pure) and liquid scintillator are viewed by large photomultiplier tubes (PMTs). In the CANDLES III system, the photomultiplier
tubes had small photo-coverage. In order to increase the photo-coverage, the light-concentration system was set between the PMTs and
the liquid scintillator vessel. b) Picture of CaF2 modules and PMTs in the CANDLES III system. c) Picture of the light-concentration
system and PMTs.
CANDLES(CAlcium ﬂuoride for the study of Neutrinos and Dark matters by Low Energy Spectrometer)
system[1].
2. CANDLES III at Kamioka observatory
In the CANDLES system, CaF2(pure) scintillators, which are main detectors, are immersed in liquid
scintillator. The liquid scintillator acts as a 4 π active shield to veto external backgrounds. Scintillation
lights from the CaF2(pure) and liquid scintillators are viewed by large photomultiplier tubes. The CaF2(pure)
scintillator has a decay time of 1 μsec although the liquid scintillator has a width of around a few tens nsec.
Thus the signals from the CaF2(pure) can be discriminated against the background signals on the liquid
scintillator by observing pulse shapes.
We installed the detector system CANDLES III at the Kamioka underground laboratory (2700 m.w.e.).
Figure 1-a) shows a schematic view of the CANDLES III system. The CANDLES III system consists of
96 CaF2(pure) scintillators with total mass of 305 kg and liquid scintillator with total volume of 2 m3. The
96 CaF2(pure) scintillators are installed with 6 layers in a vessel for the liquid scintillator. Each layer has
the 16 CaF2(pure) scintillators. The CaF2(pure) scintillators are suspended by wires from the ceiling of the
liquid scintillator vessel. Scintillation lights from the CaF2(pure) and liquid scintillator are viewed by 62
large photomultiplier tubes (13” × 48 and 20” × 14 ). All detector modules are installed in a water tank of
3 m diameter and 4 m height[2].
2.1. Background reduction
As mentioned above, external backgrounds can be strongly limited because of the 4π active shield by
the liquid scintillator. The remaining backgrounds are following processes.
(a) two neutrino double beta decay (2νββ)
 S. Umehara et al. /  Physics Procedia  61 ( 2015 )  283 – 288 285
Time( x 2ns)-100 0 100 200 300 400 500 600 700
Pu
lse
 H
ei
gh
t
0
100
200
300
400
500
600
700
800
900
1000
a) Typical pulse shape
preceding (β+γ)-ray
delayed α-ray
Energy(keV)0 500 1000 1500 2000 2500 3000 3500 4000
Co
un
ts
0
200
400
600
800
1000
1200
b) Energy spectra
212Po
214Po
preceding (β+γ)-ray
(212Bi and 214Bi)
Fig. 2. a) Typical pulse shape of the 212Bi→212Po events. We can discriminate the events of the consecutive decays with the time lag
of more than ∼ 20 nsec. b) Energy spectra of the preceding and delayed events. The energy spectra were obtained from a reference
CaF2(pure), which has a large amount of the Th-chain contamination. In the energy spectra, the preceding (delayed) events correspond
to Bi β (Po α) decay. For the hardware threshold, we have the low eﬃciency of the low energy region for the preceding events.
(b) consecutive events by radioactive contaminations within the CaF2(pure) scintillators:
(b-1)212Bi
β
−→ 212Po
α
−→ 208Pb (Th-chain)
(b-2)214Bi
β
−→ 214Po
α
−→ 210Pb (U-chain)
(c) 208Tl events by radioactive contamination within the CaF2(pure) scintillators:
208Tl
β
−→ 208Pb(Th-chain)
The 2νββ events (process (a)) can be rejected by a good energy resolution. The process (b) and process (c)
can be rejected by a pulse shape analysis and time correlation analysis, respectively.
2.1.1. Light-concentration system
In order to reject the 2νββ events (process (a)), we need a good energy resolution. The good energy
resolution will be realized by a light-concentration system and a wave-length shifter in the liquid scintillator.
Details of the wave-length shifter are described in [3].
Recently we have installed the light-concentration system to improve the energy resolution. In the
CANDLES III system, the photomultiplier tubes had small photo-coverage. In order to increase the photo-
coverage, the light-concentration system was set between the photomultiplier tubes and the liquid scintillator
vessel. The light-concentration system is shown in ﬁgures 1-a) and -c). The light collection eﬃciency with
the light-concentration system was 1.8 times larger than the one without the system. This corresponds to 0.9
p.e./keV in the number of photo-electron and satisﬁes a requirement for the CANDLES III system. Further
details including performance checks of the light-concentration system are shown in [4].
2.1.2. Rejection of the consecutive events
The second background candidate is the process (b) of Bi→ Po decays. 212Po and 214Po nuclei in the
process (b) have short half-lives 0.299 μsec and 164 μsec, respectively. On the other hand, the CaF2(pure)
scintillator has long decay constant (∼ 1 μsec). Thus radiations emitted by two consecutive decays are mea-
sured as one event in ADC gate (4 μsec) for the CaF2(pure) scintillator. Energy deposited by the consecutive
decays in the CaF2(pure) scintillator is Emax = 5.3 MeV and 5.8 MeV for 212Bi→ 212Po and 214Bi→ 214Po,
because quenching factors of α-rays, which factors depend on energy, are around 35%. Thus these decays
are serious backgrounds in interesting energy window for the 0νββ measurement.
In order to identify the events, we measured the pulse shape of the consecutive events by using the
characteristic 500MHz ﬂash ADC [5]. Figure 2-a) shows a typical pulse shape of the 212Bi→212Po event. In
order to discriminate the events, we applied χ2 ﬁtting for the measured pulse shape with the (preceding +
delayed) pulse shape. In the ﬁtting, free parameters are energy of the preceding event, energy of the delayed
event and time lag Δt between the two decays. Figure 2-b) shows energy spectra obtained from the ﬁtting.
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Fig. 3. a) Scatter plots for the pulses corresponding to α- and γ-rays. The horizontal axis gives electron equivalent energy(keV). The
vertical axis gives “shape indicator”. α(214Po) events are shown by red plots and γ by blue plots. Right : Distribution of “shape
indicator” corresponding to events shown in the scatter plot. The energy ranges are 2.6 MeV for α- and γ-rays, b) The energy spectra
of the preceding events of 208Tl. The energy spectra were obtained from 91 CaF2(pure) scintillators, which have a small amount of the
Th-chain contamination (average amount : 21 μBq/kg). Red (black) line corresponds to the preceding (accidental) events. The peak at
1.7 MeV was due to 212Bi decay (Eα = 6.1 MeV).
Blue and red lines show the energy spectra of the preceding and delayed events, respectively. There are two
peaks in the delayed energy spectrum. These peak positions correspond to α-events of 212Po (Eα = 8.78
MeV) and 214Po (Eα = 7.69 MeV). Thus we conﬁrmed that it was possible to identify the consecutive events
of which Δt between the preceding and delayed events are more than ∼ 20 nsec.
To reject the consecutive events with short Δt, which are mostly composed of α-component, we applied
the pulse shape discrimination between α- and γ-events of the CaF2(pure) scintillator. Details of the particle
identiﬁcation are shown in next subsection. As the result of the analyses, the backgrounds from the process
(b) will be reduced by the 3 orders of magnitude.
2.1.3. 208Tl rejection
The other background candidate is the process (c) of 208Tl events. 208Tl has large Qβ-value though it
emits 2.6 MeV γ-ray. The probability that the high energy γ-rays are contained in a single CaF2(pure)
scintillator is small. However, the 0νββ decay is extremely the rare process, thus the background has to be
seriously considered.
In order to reject the 208Tl events, we applied a time correlation analysis. The 208Tl events has a preceding
α-decay with a half life of 3 minutes. Thus we can reject the 208Tl events by identifying the preceding α-ray.
For identifying the α-ray, we need the good position resolution and the pulse shape discrimination between
α- and γ-rays.
The position resolution was tested by the CANDLES III system with the light-concentration system.
The signal positions in the CaF2(pure) scintillators were reconstructed by using pulse height information of
the 62 photomultiplier tubes. The peaks by the reconstructed position have ∼ 6σ separation between the
peaks by the next CaF2 scintillator. The separation satisﬁes a requirement for rejection of the 208Tl event by
identifying the preceding α-ray. Further details of the position resolution are shown in [4].
The particle identiﬁcation (PID) analysis between α- and γ-rays was demonstrated by 214Po α-ray and
208Tl γ-ray. The 214Po nuclei are included within the CaF2(pure) scintillators as a radioactive contamina-
tion. On the other hand, the 208Tl nuclei are in external materials of the CaF2(pure) scintillators. Thus the
208Tl events include the CaF2(pure) and liquid scintillator signals. An eﬀect by the (CaF2(pure) + liquid
scintillator) signals is described in next paragraph.
The results of the PID analysis is shown in ﬁgures 3-a). Scatter plots in ﬁgure 3-a)left show the distri-
bution “shape indicator” for the PID analysis. Details of “shape indicator” are described in [6]. Histograms
in ﬁgure 3-a)right are the projected ones of the events in energy ranges of 2.6 MeV for α-rays and γ-rays.
In this ﬁgure, α- and γ-events are distributed around 1 and 0 on Y-axis, respectively. A clear discrimination
was obtained between α- and γ-rays. As mentioned above, however, the 208Tl events include the CaF2(pure)
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Fig. 4. a) Energy spectra of 220Rn → 216Po. The particle identiﬁcation analysis is not applied for the spectra. b) Energy spectra of
220Rn→ 216Po. The “shape indicator + χ2 ﬁtting” analysis is applied for the spectra. The accidental coincidence events are reduced
by the PID analysis.
and liquid scintillator signals. The (CaF2(pure) + liquid scintillator) signals are distributed in the α-event
region. In order to discriminate between α- and (CaF2(pure) + liquid scintillator) events, we applied not
only the “shape indicator” but also “χ2 ﬁtting”. For eﬃciency check of the “shape indicator + χ2 ﬁtting”
analysis, we applied time correlation analysis of 220Rn→ 216Po. Both of 220Rn and 216Po nuclei are α-decay
and 216Po nuclei has a short half-life 145 msec. This means that we can select the 220Rn → 216Po events
with a time correlation analysis. And the selectivity is improved by the PID analysis. Figures 4 show the
energy spectra of 220Rn and 216Po events with/without the “shape indicator + χ2 ﬁtting” analysis. We can
ﬁnd that the analysis has a large rejection eﬃciency for γ-rays (CaF2 + liquid scintillator signals) and a large
acceptance for α-rays. As the results, rejection eﬃciency is ∼ 95% of γ-ray events with 90% of acceptance
for α-ray.
Based on techniques of the position reconstruction and the pulse shape discrimination, we applied the
time correlation analysis for 208Tl. The energy spectrum of the candidate events of the preceding α-decay
is shown in ﬁgure 3-b). The peak at 1.7 MeV was conﬁrmed due to α-rays coming from the preceding α
decay (212Bi : Eα = 6.1 MeV) by checking half-life derived from the Δt distribution(see [4]). And we found
that 208Tl can be rejected by the time correlation analysis.
3. Conclusion
Now the CANDLES III system was installed at the Kamioka underground laboratory. By improvement
of the detector system and the pulse shape analyses, we can reduce the background events from 2νββ, Bi→
Po and 208Tl events. By estimating the results for the background reductions, the system will achieve the
background free measurement. The expected sensitivity of the CANDLES III system is 0.5 eV for eﬀective
neutrino mass. In near future, CANDLES will be scaled up for a high sensitive measurement in mass region
of interest.
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